Prediction of snow drift is of importance for structure design and traffic management on snowy and windy prairie landscapes. The snow redistribution by wind is also regarded as one of the largest sources of error in hydrologic snowmelt models. In this study, a snow movement equation was generalized and customized for horizontal two-dimensional watershed-scale applications by incorporating snow transport, wind snow diffusion, and snow gravitational movement. Then, the snow surface diffusion process by wind turbulence was formulated in terms of the autocorrelation functions of the measurable wind velocity field using G.I. Taylor's theorem. However, analysis of the example wind data suggested a delta correlation in wind turbulent component that resulted from subtracting their moving average values from the original wind speed data. The dynamic model based on the proposed formulation was able to effectively reproduce the observed equilibrium snow profiles affected by wind drifting. A two-dimensional model simulation using a 10 m digital elevation model in Muddy Gap, Wyoming was also presented for qualitative validation of the model in the watershed-scale applications. Additionally, the theoretical extension for preferential snow accumulation process was presented in Appendix A. These modeling results together with the observations on the prairie suggested the importance of the snow surface diffusion process in addition to the snow transport.
Introduction
Understanding the snow redistribution process is crucial for accurate snowmelt estimation using processbased snow modeling because that is considered to be a major source of uncertainty in snowmelt simulations, especially on windy prairie landscape [Pomeroy and Gray, 1990] .Snow redistribution is mainly driven by the wind near the snow surface, which may be significantly affected by the ground surface conditions, such as topography, vegetation, etc. Therefore, a relatively large number of formulas estimating snow transport rate in terms of wind speed have been proposed (summarized by Dyunin [1954] , Takeuchi et al. [1975] , Tabler et al. [1990a Tabler et al. [ , 1990b , and a later section of this study). Furthermore, Ohara et al. [2014] pointed out that the snow transport by wind and gravity from higher to lower altitudes is essential for multidecadal computation of interannual snow storage and glaciers. Nevertheless, quantification of snow redistribution and preferential snow accumulation still remains a challenge since it is difficult to estimate the local wind field and the variability in snow physical characteristics. This snow movement may be a prime driver of the subgrid-scale variability in watershed-scale modeling (several-meter to a few-kilometer grid size), which is yet to be modeled effectively.
Snow distribution is influenced by various factors of topography and atmospheric forcing. These factors can be roughly divided into two parts: the snowmelt process and the snow accumulation process. The snowmelt process makes the snowpack uneven due to solar angle, vegetation, and thermodynamics of the atmosphere. The effect of the snowmelt process is typically more pronounced toward the end of the spring season. For example, the north facing or forested slopes have more snow storage than south facing or clear-cut slopes in the late spring in the northern hemisphere [e.g., Ohara and Kavvas, 2006] .The snowmelt process can be modeled well by an energy balance framework under a known atmospheric forcing. The snow accumulation process is mainly driven by the mesoscale weather condition that is affected by the topography and planetary boundary layer processes. The orographic effect on precipitation combined with the temperature variation by adiabatic airflow along the topography results in an enormous inequality in snowfall distribution. Besides snowfall distribution inequality, snow is often redistributed by five primary factors: (1) snow transport by wind, (2) preferential snow accumulation, (3) snow surface diffusion by wind, (4) rapid gravitational snow movement or avalanche, and (5) snow creeping by gravity or glacial movement. The first objective of this study is to formulate a complete snow movement equation including these five effects for regional and watershed-scale applications.
The author has observed two distinctive landscapes with wind-redistributed snow cover on prairie landscapes. The first one is the ''downwind effect'' resulting from the snow accumulation behind topographic features and objects such as a snow fence. Figure 1a shows a typical snow distribution pattern dominated by the downwind effect in the Wind River Valley, Wyoming. This photo illustrates the snow storage along the ridges. Larger snow accumulation in forested area sand snow drifts behind snow fences may belong to this category. For the modeling of this effect, it is essential to estimate the small-scale wind field around the objects and topographic features in order to quantify the erosion and deposition around the structure. The other one is the ''snow diffusion effect'' caused by snow surface smoothing by wind. Figure 1b shows an example of snow distribution by the snow diffusion effect in Muddy Gap, Wyoming. The snow diffusion relocates new powdery snow in dips and along local valleys. This effect can occur at various scales from microscale to watershed scale (a few centimeters $ a few 10 m). They are both common snow redistribution mechanisms in flat, windy, and snowy regions such as the prairies.
The snow transport process for the downwind effect has been studied and modeled fairly intensely due to the fundamental importance in snowmelt estimation and traffic hazard controls. The snow transport rate by wind has been formulated experimentally based on the theory [Komarov, 1954; Budd et al., 1966; Kobayashi et al., 1969; Dyunin and Kotlyakov, 1980; Takeuchi, 1980; Schmidt, 1986; Pomeroy and Gray, 1990; Sïrensen, 1991] based on the early sand transport theories by wind [Bagnold, 1956 [Bagnold, , 1966 [Bagnold, , 1973 Owen, 1964] . Based on these snow transport formulas, snowdrift has been modeled by solving Raynolds equations for airflow [Uematsu et al., 1991; Liston et al., 1993; Naaim et al., 1998], and Pomeroy et al. [1993] developed the Prairie Blowing Snow Model, and Liston and Sturm [1998] developed SnowTran-3-D model. Essery et al. [1999] also modeled spatial snow distribution affected by wind by the simplified snow transport theory in an arctic tundra basin. In practice, snow fences were designed based on the mechanisms of the blowing snow and installed in the places that have a large amount of blowing snow with heavy traffic [e.g., Tabler et al., 1990a Tabler et al., , 1990b Takeuchi and Fukuzawa, 1976] . Tominaga et al. [2011] developed a model predicting the snow distribution around a building based on the wind field by a computational fluid dynamics model and mesoscale model. Bernhardt et al. [2012] also utilized the mesoscale model for the snow redistribution model in alpine regions using a sophisticated snow model suite (SnowModel, SnowTran-3-D, SnowSlide). Estimation of the wind field around topographic features, buildings, and canopy covers seems to be a key element for successful snow drift modeling.
Meanwhile, the snow redistribution by the snow surface diffusion effect has not been modeled very much, probably because the importance of this process has not been well recognized. However, the snow surface smoothing by snowdrift is a well-known process by the people living in windy and snowy regions [Tabler, 1975] . In fact, realistic snow cover patterns were recently generated by a diffusion-based model in the computer graphics field [e.g., Festenberg and Gumhold, 2011] . Prediction of the equilibrium snow profile or distribution by snowdrift was attempted using regression analysis to the ground surface slopes [Tabler, 1975] and using a regression tree with terrain-based parameters [Winstral and Marks, 2002] . Lehning and Fierz [2008] discussed snow drift by the wind variability and proposed a new drift index with consideration of wind statistics. They showed that the normalization of wind record based on the mean and standard deviation is effective in improving the drift index. Liston et al. [2007] proposed a practical snow redistribution parameterization by introducing a wind weighting factor. However, they did not explicitly consider the physical processes of the snow surface diffusion process in their parameterization. The author believes that snow surface diffusion cannot be neglected if accurate snow redistribution modeling is to be achieved. Thus, second objective of this study is to provide a theoretical foundation for snow surface diffusion process modeling over a season-long period at watershed scale.
Accordingly, this study aims to formulate terrestrial snow movement mainly by wind for predictive numerical modeling at watershed-scale application. First, existing snow transport formulations will be examined, and then the governing equation will be expanded to incorporate the effects of snow surface diffusion and gravitational snow movement. The snow diffusion coefficient will then be theoretically evaluated using Taylor's theorem. Finally, the newly formulated model will be demonstrated using one and two-dimensional simulations under idealized conditions.
Drifting Snow Formulation
The mass balance equation in horizontal one-dimensional plane can be expressed as follows [e.g., Pomeroy et al., 1997; Liston and Sturm, 1998; Bernhardt et al., 2010] :
q ms 5 density of mobile snow;
f 5 snow depth;
Q 5 horizontal snow flux including wind snow transport and gravitational movements;
S 5 source and sink term including snowfall, snowmelt, and sublimation.
When horizontal snow movement is discussed, atmospheric friction velocity u* is often used to characterize the vertical wind profile in the planetary boundary layer. As mentioned earlier, several snow transport formulas have been proposed as a function of either the atmospheric friction velocity or wind speed at a specific height. Selected formulas in the literature are summarized in Table 1 , and they can be compared to each other using the above equation (2). Note that u* th is Water Resources Research the friction velocity threshold of snow movement, and q a is air density. Two formulations by Bagnold [1941] and Owen [1964] were early process-based equations from the analyses of blown sand and sand dune development. Remaining formulas are based on either pure experimental data or a combination of the process-based knowledge and experiments. It should be noted that the thickness of the control volume is associated with the formula. Since the majority of the total snow transport is by saltation near the surface [Oura et al., 1967; Kind, 1981] , the formulas for the snow saltation are included in the table.
The relationships between friction velocity and snow transport rate using these formulas are plotted in Figure 2. For this graph, the u* th was set at 0.25, the u o was set at 0.01 m, q a was set at 1.3 kg/m 3 , and C salt was set at 0.68 [Pomeroy and Gray, 1990] . There are two additional lines in this graph: a line produced by Pomeroy [1988] and a simplified linear relationship used later in this study. This figure illustrates that the formulas may produce very different snow transport rates at the same wind speed. An obvious reason for this may be the surface snow condition, which may vary drastically depending on the snow age, the melt and freeze history, and the atmospheric conditions. In addition, Takeuchi et al. [1975] discussed the difficulty in measuring the saturation snow transport rate since blowing distance and wind duration are not long enough under typical natural conditions. They also argued that the measurement data, on which the formulas relied, were highly dependent on the stage of blowing snow development. For example, observations at the South Pole [Narita, 1973] indicated that the measured snow transport rate in a deposit area could be nearly one hundred times larger than that in an erosion area through the observation in the South Pole Komarov [1954] Q50:00001083u 3:5 1 20:0006667 5 2 m Snow Budd et al. [1966] log Q521:818810:0887u 10 6 300 m Snow Kobayashi et al. [1969] Q50:00003u 3 1 7 Saltation Snow Kobayashi [1972] Q50:00003 u 1 21:3 ð Þ 3 8 Saltation Snow Dyunin and Kotlyakov [1980] Q50:000077 u 10 25 ð Þ 3 9 2 m Snow Takeuchi [1980] Q50:0002u 2:7 1 10 2 m Old firm Snow Takeuchi [1980] Q50:0000029u 4:16 1 11 2m Settle dry Snow Pomeroy and Gray [1990] Q5 [Narita, 1973] . The measurement on snow transport rate seems to be one of the greatest challenges in the snow hydrology field.
General Formulation of Snow Movement
This study proposes that snow diffusion should be added to the snow transport equation for watershedscale applications because the complete wind field is nearly impossible to estimate at desirable spatial and temporal resolutions. As noted in the previous section, much effort on the wind-snow process has been invested in understanding the transport process; it is believed that our uderstanding is just sufficient to describe the snow surface smoothing process due to wind. The wind speeds on the hills/ridges and on the lower land need to be effectively differentiated so that the transport-only formulation can describe the smoothed or uneven snow distribution shown in Figure 1 . However, available topography information for watershed-scale modeling is typically smoother than the actual topography. Additionally, the spatial and temporal resolutions of typical wind measurements are too coarse to describe the detailed snow redistribution process by the transport-only formulations. As such, it is necessary for the transport-only formulation to have very detailed wind data for snow distribution modeling especially over the flat and mild prairies discussed in this article. Consequently, this study explores a general formulation of snow movement for watershed-scale applications, which roughly corresponds to the scale length ranging from 1 to 100 m, by incorporating the snow diffusion process.
To describe the snow redistribution incorporating wind variability, at least a two-dimensional (2-D) representation is necessary because the wind direction changes produce the wind variability in time. The continuity equation of the snow transport in a 2-D field may be written as follows:
f 5 mobile snow depth; Q x and Q y 5 horizontal snow fluxes in x direction and y direction, respectively;
It may be noted that the wind velocity can be separated into the mean wind speed component and the random turbulent component. In terms of friction velocity,
where hi denotes the ensemble average operator and e{} is the random noise operator. Similarly, the y component of the atmospheric friction velocity can be decomposed as follows:
Obviously, the mean value of the random component e is always zero by definition. Therefore, the random component cannot influence snow distribution according to the existing snow transport formulas in Table  1 because a snow particle returns to the original place after drifting back and forth by the pure random wind component in the ensemble mean sense. Hence, the snow diffusion process by the wind turbulent component requires another formulation.
Even in a flat area where a homogeneous wind field may be reasonably assumed, unevenly distributed snow as shown in Figure 1 can be found. The observation shows that the snow tends to deposit in the local lowlands and dips; therefore, the snow flux may be formulated as a proportion to the snow surface gradient as an analogy to Fick's dispersion law. The proportionality constant, usually referred to as the diffusion coefficient, must be a function of the wind turbulence component and the surface snow condition. This surface smoothing term will be thoroughly discussed in a later section of this study. The snow may also be moved by gravity as avalanches and glacial movement. This gravity snow transport may be a function of the snow surface elevation and the snow physical characteristics. At this point in time, we will leave a general function in this part of the formulation because this complex process is not the focus of this study. Based on the h 5 snow surface elevation, h 5 f 1 z;
z 5 elevation of immobilized snow surface or ground surface;
F, G 5 arbitrary functions;
D wind 5 diffusion coefficient by wind;
snow 5 vector of the variables describing the snow physical characteristics and land surface condition.
The function F may be one of the snow transport formulas in Table 1 . Substituting equations ( (17a) and (17b) into (3) yields,
This is the general snow movement equation in a horizontal two-dimensional field. Note that the effects of snowfall, snowmelt, sublimation, and snow stabilization appear in the source and sink term S.
Snow Diffusion Process by Wind
In the following sections, the diffusion coefficient introduced in the previous section will be discussed.
Wind snow transport may be classified in two forms, saltation and suspension, but both processes can be described in terms of atmospheric friction velocity. The several experimental and theoretical formulas for wind snow transport processes discussed in the earlier section can be written in the following general form.
where u* is friction velocity of air, and k drag is a drag coefficient of snow by airflow. For saltation that is a main form of snow movement by wind, Maeno et al. [1979] experimentally showed that the snow transport rate may be proportional to the wind speed.
This linearization may be acceptable because of the large uncertainty in the snow transport rate estimates by the formulas shown in Figure 2 . In fact, the linearized formula shown in the black line in Figure 2 is within the variation of the formula collection. The k' drag value ranges from 15 to 100, according to the formulas listed in Table 1 . Alternatively, based on the theoretical formula by Pomeroy and Gray [1990] , the drag coefficient may be written as This linearization implies the following relationship
or Dx s 5k Ã Dx (24) u s 5 snow particle movement velocity in the ensemble mean sense; u* 5 atmospheric friction velocity in the ensemble mean sense;
Dx s 5 displacement of snow particle in unit time in the ensemble mean sense;
Dx 5 displacement of air movement in unit time in the ensemble mean sense; k* 5 velocity-based snow drag coefficient.
This linear relationship will significantly simplify the derivation of the snow diffusion coefficient. The threshold of snow movement is not considered here because this linearized formula will specifically be used for snow diffusion modeling. The proportionality constant k*, a velocity-based snow drag coefficient, is a function of the snow characteristics, and the snow particle density within the control volume.
The relationship between two snow drag coefficients, k' drag and k*, may be found by the following analysis.
Where u s is the mean snow particle velocity, q bs is the density of blowing snow (mixture of snow and air) within a control volume with thickness of h cv . The thickness of control volume h cv may be found in Table 1 . For saltation formulas, the value in the range of 0.07-0.09 (m) may be suggested for h cv [Takeuchi, 1980] . Meanwhile, when the large control volume formula is chosen, q bs is close to the density of suspended snow, 0.009-0.7 kg/m 3 [Gordon et al., 2009] . For saltation formulas, q bs may be somewhere between the suspended snow density and the density of lightest ground snow [e.g., Gray and Prowse, 1993] , 0.1-10 kg/m 3 . This equation may be solved for u s with substitution of the linearized snow transport equation, equation
.
By comparing to equation (23), one can obtain
Derivation of the Snow Diffusion Coefficient
For season-long watershed-scale modeling, the governing equations must be integrated over a time increment and a computational grid (or control volume). The snow diffusion process, due to wind turbulence, may be modeled based on the diffusion theory for locally stationary and uniform flow [e.g., Kavvas, 2011] .
In this framework, the supposition is made that the turbulent motion of snow particles could be defined by means of the Lagrangian equations of air motion (wind). It is also assumed that the turbulent motion is uniformly distributed throughout the space.
According to Taylor [1921] , the flux at which a snow particle is being conveyed across a unit area of a plane perpendicular to the axis of x due to diffusion can be defined as an ensemble mean difference of the fluxes between two planes Dx s apart from each other, as shown in Figure 3 .
Water Resources Research Where <> is ensemble mean operator, C is the mobile snow concentration, Dx s is the displacement of snow particle, and u s is the snow particle velocity.
In this study, the slope of snow surface elevation h is considered a primary driving factor for horizontal snow diffusion. In order to obtain a relationship between snow particle concentration and snow surface elevation, the equation must be integrated over the snow transporting layer, which includes blowing snow (suspension and saltation) and mobile snow sitting on the terrain, as shown in Figure 4 . The snow particle concentration may be defined as snow mass per control volume size within the blowing snow layer. Thus, h cv is the thickness of control volume, M is snow mass, Dx be space increment, as shown in Figure 4 .
Using a finite difference expression in two neighboring computational cells, the slope of depth-integrated snow particle concentration may be written as,
where subscript numbers denote the locations. It may be assumed that the variation of mass in the control volume may be sufficiently small compared to the variation of control volume size over these cells. This leads to, M 5 M 1 5 M 2 . Also, introducing the geometric mean of the control volume thicknesses, h cv 5 ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi ffi h cv2 h cv1 p , one obtains
The snow density within the control volume may be defined as, q cv 5M=ð1 Á h cv Þ. As the wind streamline at the top of the snow transporting layer is free from the small topographic effect and can be approximated as a horizontal line at local scale, one can have a relationship of Dh cv 5 2Dh. Taking the Dx to be very small, the mobile snow concentration slope becomes, Accordingly, the slope of the depth-integrated mobile snow concentration may be proportional to the slope of snow surface, assuming the stepwise stationary and uniformity in wind turbulence. Since the u s and Dx s are the random variables in this equation, the flux due to diffusion across a unit area for horizontal snowcovered terrain can be rewritten by combining equations (28) and (31) as,
With comparison to the diffusion term in the full snow flux equation, equation (17), or the general snow movement equation, equation (19), the diffusion coefficient due to the wind turbulence can be written as.
The displacement of a snow particle can be expressed as an integration of snow particle velocity with respect to time.
Replacing the integration variable by T-s, the snow particle displacement becomes 
Using the linear relationship between the snow particle velocity and wind velocity (equation (23)), the equation can be written in terms of wind friction velocity,
The ensemble mean of this quantity is the diffusion coefficient. Hence,
By introducing the autocorrelation function of the friction velocity of air, R u* , one can obtain the diffusion coefficient of the blowing snow in horizontal two-dimensional field:
Additionally, the derivation of the diffusion coefficient for a preferential snowfall is shown in Appendix A.
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Example of the Snow Diffusion Coefficient
The theoretical derivation above, equation (39), demonstrated that the autocorrelation of wind can describe the snow diffusion process. To provide an example, the observed wind data at the Snowy Range site in Wyoming are analyzed in this section. The observed wind speed must be decomposed into North-South (v) and East-West (u) components since a sudden change of wind direction may be a major source of wind snow diffusion. Then, the observed u and v components of wind are further decomposed into the following two components: the mean wind component that drifts the snow and the random turbulent component that diffuses the snow. The mathematical expressions are shown in equation (16) and an example graph is shown in Figure 5 . The 2 s observed wind speed is shown in the gray-colored line in Figure 5 , the 1 min mean wind is denoted by the black line, and the mean-subtracted random component of the wind is shown in the broken line along the x axis. The moving wind size may be selected based on the application criteria. This random component may be used for diffusion coefficient computation, while the mean component can be used for the snow drift computation. This operation removes the trend from the original wind time series. In fact, the autocorrelation function of the random wind component tends to have very short to no memory as the window size (WS) becomes smaller.
The computed autocorrelation functions of the observed wind speed (original) and of the random (turbulent) component of wind in East-West and North-South directions are shown in Figure 6 . This figure shows that the long range dependency of the original time series can be removed quite effectively as the window size (WS) becomes smaller. For example, when the average window size is 1 h, it may be acceptable, in practice, to assume the delta correlation in the random component of the wind speed time series. This simplification results in the diffusion coefficient, 
Demonstrative Simulation Results
This section demonstrates the proposed formulation for the snow diffusion effect due to wind using the observed near-equilibrium snow profiles described by Tabler [1975] . The snow transport formula by Tabler et al. [1990a Tabler et al. [ , 1990b in Table 1 is used for the snow drift component because this was developed in the same Mountain States region of the USA. The full snow movement equation (equation (19)) with the exception of the gravity term was solved by the finite volume method. The model based on this formulation is named the SMOOTH (Snow Movement Over Open Terrain for Hydrology) model in this study. A flux limiter mechanism was introduced to stop the erosion at the hard soil or immobile snow surface. Since the observed wind field record in the historical period is unavailable, the uniformly randomized and stationary wind field was applied.
One-Dimensional Simulation
This wind field was randomized with respect to time with a mean value of 6 m/sand a variance of 1 (m 2 /s 2 ) at a 10 m height. The initial mobile snow was uniformly distributed at 0.5 m. The model parameters were set at k' drag 5 0.0225 (from equation (22)), q bs 5 1.0 kg/m 3 , and h cv 5 0.09 m. The Neumann boundary condition, with respect to the flux, was chosen at both ends. Figure 7 shows the observed and simulated snow profiles at three sites, (A) lee side of hill at milepost 252.5, I-80, Wyoming; (B) Straight Creek Pass, Colorado; and (C) milepost 271.4, I-80, Wyoming. It can be seen from Figure 6 that this dynamic modeling can realistically diffuse the initial uniform snow and can effectively reproduce the observed snow profiles. Tabler [1975] presented the regression method to estimate these ''natural'' equilibrium snow profiles, while the proposed method could model the dynamic snow diffusion process. At the same time, this new dynamic and process-based approach needs to incorporate the snow stabilization process to stop the snow diffusion and to reach the natural equilibrium. This will be another important research topic in snow-related subjects. 
Two-Dimensional Simulation
The second demonstration of the SMOOTH model was made from the two-dimensional real topography in the Muddy Gap area, corresponding to the photo in Figure 1b . To quantify the real snow redistribution process, it is necessary to consider the snow metamorphism, wind field, vegetation effect, snowmelt processes, etc. However, due to the limitation in data availability, this section will show the general characteristics of the two-dimensional solution of the theory developed above under an idealized condition.
To gain insight into the snow redistribution process, the wind modification method proposed by Liston et al. [2007] , which has been effectively implemented in SNOWTRAN3D model applications, will be examined in this section. The snow transport formulation without the diffusion term requires the terrain-based wind modification to have uneven snow distributions. There are two empirical wind modification factors: slope effect X s and curvature effect X c [Liston et al., 2007] . Although use of the weighted average was recommended in Liston's method, the slope effect and curvature effect are separately handled in this study.
The digital elevation model (DEM) from the National Elevation Database (USGS) in Muddy Gap, Wyoming, was used for this example case. The initial mobile snow depth was uniformly set to be 0.5 m. The model parameters, wind field, and the boundary conditions are the same as the one-dimensional example simulations. Figure 8 shows the model results of four different SMOOTH model configurations: (a) transport only model (D wind 5 0) with wind field modified by slope X s ; (b) transport only model with wind field modified by terrain curvature X c (D wind 5 0); (c) the diffusion only model without wind field modification; and (d) the complete formulation with wind field modified by slope X s . The cells with snow deposit are shown in whiter color, while snow eroded cells are shown in darker color. The figure also shows the topography; there is a ridge lying on the center of the modeling domain and US Highway 287 runs north-south near the south east corner of the domain. The snow deposition is developed along the ridges in Figure 8a , as the slope effect of the Liston's wind modification method seems to be able to describe the ''downwind effect.'' It can be further seen in Figures 8b and 8c that the snow depth increases almost identically along the ravines whether predicted by the curvature effect of Liston's method or by the snow surface diffusion effect of the SMOOTH model. This indicates that the curvature effect implicitly describes the snow surface diffusion process. Finally, the combined downwind and diffusion simulation result is shown in Figure 8d . However, since this area is diffusion-dominated, as described in Figure 1 , the resulting snow distributions of (b), (c) and (d) are very much alike. The photo in Figure 1b was taken from the highway facing north, denoted by an observer mark in Figure 8 . The comparison of the photo and the simulation results suggest that the proposed formulation employing the snow surface diffusion term can illustrate the observed snow distribution well.
It appeared that the curvature effect in Liston's wind modification method indirectly and qualitatively describes the diffusion process of snow surface. Meanwhile, the proposed formulation in this study gives a more physically based treatment of snow surface diffusion. According to the formulations, the numerical experiments, and the field photos in Figure 1 , the snow surface redistribution processes by wind may be summarized in Table 2 . Consequently, both downwind effect and snow surface diffusion effect are indispensable in the snow redistribution modeling through these numerical experiments.
Conclusions
Even though snow diffusion is commonly recognized among the people in the northern prairie of North America [Tabler, 1975] , most of the research efforts have been focused on the snow transport process rather than the snow diffusion process. The existing snow movement formulas listed in Table 1 can describe the snowdrifts near canopies, ridge lines, and snow fences, where wind speed is significantly decreased. However, these formulas cannot effectively describe the snow surface diffusion process which redistributes snow from relatively high areas to local dips and ravines, unless the topography effect is accurately reflected in the wind field. This observation over the prairie, as exemplified by Figure 1b , indicated that the snow diffusion by the wind random noise component due to turbulence was not negligible in many parts of the world. In fact, this subtime step-scale variability seems to play an important role in snow redistribution process. The present study attempted to model the snow diffusion effect by the wind turbulence component for a two-dimensional watershed-scale problem.
The depth-integrated snow movement equation was generalized in this paper (equation (19)) by including three main components: snow drift, snow diffusion due to wind, and snow movement by gravity. This partial differential equation in a horizontal two-dimensional field is compatible with the existing snow transport formulations (Table 1 ) appearing in the snow transport term in equation (19). The snow diffusion term was then introduced assuming that snow was redistributed by wind turbulence guided by snow surface slope. Finally, the gravity snow transport terms, e.g., avalanches and glacier movement, were added to the equation for completeness. Obviously, further studies on the gravitational snow movement are desirable as this effect was left as an arbitrary function of snow surface slope and physical characteristics in equation (19) . Consequently, the snow movement equation was formulated as a nonlinear, advection-dispersiontype partial differential equation. This study also attempted to derive the diffusion coefficient due to wind turbulence in the snow movement equation, as an analogy to the diffusion theory for general solute transport based on Taylor's [1921] modeling of smoke diffusion from a chimney. This derivation linked the snow diffusion coefficient to the time-space correlation structure of wind speed in the snow transporting layer. This theory can be used to evaluate the snow diffusion coefficient by the observed wind record at a typical watershed model grid scale (10-30 m).In addition, for preferential snow accumulation, the randomness in snow fall velocity was incorporated into this framework in Appendix A below. This extension during snow storm events showed that the variability in the snowfall rate may stimulate the snow diffusion. It should be noted that the requirement of Taylor's theorem is stationarity in the random wind field within a single time step. Further, it was shown, from the analysis of the observed wind speed data at Snowy Range, that the typical random component of wind speed data can be regarded as a white noise, which can significantly improve the coefficient estimation. Therefore, it may be plausible to approximate the snow diffusion coefficient as proportional to the spatial and temporal variance of wind speed. Also, it should be noted that the theoretical development presented in this paper can potentially integrate the findings in Lagrangian and Eulerian frameworks. Thus, this study provides a theoretical basis for the snow diffusion process using an ensemble average of Lagrangian motion of snow particles.
Examples were shown using actual topography around Wyoming. First, one-dimensional simulations successfully reproduced the observed natural equilibrium snow profiles influenced by snow diffusion presented by Tabler [1975] . Second, two-dimensional simulations attempted to mimic the snow distribution observed in Muddy Gap, Wyoming. The 2-D numerical examples included the Liston's empirical method used in the SNOWTRAN3D model [Liston et al., 2007] . This paper performed only qualitative validations under the idealized conditions since it was impossible to isolate the snow diffusion effect from other important effects including downwind effect, snow settlement, sublimation, and snow melt process. However, it was clear that the snow surface diffusion effect plays an important role in many parts of the prairie in the USA and other relatively flat and windy regions. Table 2 summarizes the two major processes affecting the snow distribution by wind. This predictive and dynamic numerical snow redistribution model, the SMOOTH model, can accommodate both effects, and may be a useful tool to evaluate anticipated snow drift on roads and on snow storage around structures (i.e., snow fence) in windy and snowy regions.
Appendix A: Preferential Snow Accumulation by Gravity
During a blowing snow event without new snowfall, the effect of gravity may be ignored in the equilibrium blowing snow condition since the gravitational force and the wind lifting force are considered balanced. It is assumed in the discussion above that the snow particle near the ground surface, within the blowing snow layer, travels along the mean wind streamline that is almost parallel to the snow surface. However, during a snow storm event with incoming snowfall, the vertical snow movement by gravity cannot be neglected.
Referring to Figure 9 , the velocity of a snow particle can be expressed as a summation of velocities due to wind and gravity, as follows:
where u* is the measureable horizontal wind friction velocity, k* is the snow drag coefficient, and u g is the snow falling velocity which is a function of snow characteristics. As the horizontal distance scale is much larger than the vertical distance scale, one can approximate this equation to u s 5k Ã u Ã 1u g @h @x (A2)
The snow falling velocity in the control volume varies, depending on various snow characteristics such as snow particle size, snow flake type, density, and water content [e.g., Suzuki et al., 1988] . As such, every snow flake has a unique falling velocity relative to the surrounding air; therefore, the u g is considered as a random variable in this derivation. Based on Taylor's [1921] theorem, the snow particle travel distance can be expressed as an integration of a Lagrangian trajectory. This is 
